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Chromosomal instability, leading to aneuploidy, is a hallmark of nearly all solid cancers.  
One proposed route to chromosomal instability is via defective centrosome function.  In 
several cancers, centrosomes appear abnormal in number, size, and position in the cell.  
Amplified centrosomes may occasionally form multipolar spindles, segregating 
chromosomes unequally to daughter cells and resulting in a state of aneuploidy.  Although 
most of these aneuploid cells will die, a rare daughter cell may have the right chromosome 
complement to confer survival and even a growth advantage over neighboring normal cells, 
thus beginning the process of tumor progression.  Therefore, genes involved in centrosome 
function may be important in the etiology of breast cancer.  One such gene, STK15 
(BTAK/aurora A), has been implicated in centrosome amplification.  Previous studies have 
demonstrated that centrosome amplification, aneuploidy, and cellular transformation occur 
when STK15 is ectopically overexpressed in Rat1 fibroblasts and NIH3T3 cells in vitro, 
suggesting that STK15 is an oncogene.  The STK15 gene is amplified in about 12% of 
primary breast tumors and is overexpressed at the mRNA level in a majority of primary 
breast tumors.  However, the temporal relationship between aneuploidy and STK15 gene 
amplification / mRNA overexpression is still unclear. 
 
Our goal was to obtain a complete measure of STK15 gene amplification, mRNA 
overexpression, and protein overexpression in a panel of approximately 50 primary breast 
tumors.  We have developed real-time quantitative PCR assays to quickly and accurately 
measure STK15 gene amplification and mRNA overexpression using limited quantities of 
starting material.  Preliminary data shows STK15 mRNA overexpression in the majority of 
the tumors we have examined, consistent with other published data.  We have examined 
STK15 protein levels with an immunoblot assay.  Finally, we have correlated this data to 
various clinical measures, such as estrogen receptor status, p53 genotype status, and most 
importantly, ploidy.  These results may shed some light on the relationship between STK15 
amplification / overexpression and aneuploidy in breast cancer.  These studies will increase 
the general understanding of the role of STK15 in breast cancer. 
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Among the different genetic lesions implicated in human breast cancer, amplification of the 
c-MYC oncogene has been found in five to twenty percent of breast tumors.  Our laboratory 
has developed a bitransgenic model in which the tetracycline regulatory system is used to 
conditionally express the c-MYC oncogene in the mammary epithelium of mice.  We have 
used this model to demonstrate that approximately half of c-MYC initiated mammary 
adenocarcinomas remain dependent on c-MYC expression for maintenance of the 
tumorigenic state, while other c-MYC initiated tumors acquire the ability to grow in the 
absence of c-MYC overexpression.  In addition, we have found that approximately fifty 
percent of c-MYC initiated mammary adenocarcinomas harbor spontaneous activating point 
mutations in ras gene family members, with a highly significant preference for these 
mutations to occur in K-ras.  Mutations in K-ras were found nearly three times more 
frequently than mutations in N-ras and no mutations were detected in H-ras.  Interestingly, 
the presence of an activating mutation in K-ras was found to correlate strongly with the 
failure of tumors to regress fully following c-MYC deinduction in our bitransgenic model.  
Nearly all tumors with detectable activating K-ras mutations exhibited only partial 
regression, whereas the majority of tumors without detectable activating ras mutations fully 
regressed.  Surprisingly, following c-MYC transgene deinduction, tumors with detectable 
activating N-ras mutations behaved more similarly to tumors without a detectable ras 
mutation than to tumors with activating K-ras mutations.  When analyzed for Ras activity, 
K-ras mutant tumors were found to have higher levels of Ras-GTP than tumors that did not 
have detectable ras mutations and that fully regressed following c-MYC transgene 
deinduction.  Furthermore, N-ras mutant tumors demonstrated intermediate levels of Ras-
GTP, whereas incompletely regressing tumors without detectable ras mutations displayed 
Ras-GTP levels comparable to those of K-ras mutant tumors.  These data suggest that 
spontaneous activating mutations in both K-ras and N-ras represent a preferred secondary 
pathway for c-MYC induced tumorigenesis in the mammary gland.  However, despite the 
high degree of homology between these genes, K-ras activation has consequences that are 
distinct from those conferred by N-ras activation.  This is suggested both by our observation 
that K-ras mutation is more frequent than N-ras mutation in c-MYC induced mammary 
adenocarcinomas and by our finding that K-ras activation appears to confer c-MYC 
independent growth, whereas N-ras activation does not.    
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Telomerase maintenance has been proposed as an essential prerequisite to human tumor 
development.  However, the molecular mechanisms that activate this enzyme during 
neoplastic transformation are not well understood.  Previous studies demonstrated frequent 
overexpression of Her2/neu and activation of AKT2 in human breast carcinoma.  Here, we 
show that Her2/neu induces telomerase activity in human mammary epithelial cells.  Her2-
stimulated telomerase activity was inhibited by PI3K inhibitors, wortmannin and 
LY294002, dominant negative AKT2 and PTEN tumor suppressor.  Expression of 
constitutively active PI3K (p110*) and AKT2 induced telomerase activity.  The levels of 
human telomerase reverse transcriptase (hTERT) mRNA were increased after introduction 
of Her2, p110* or constitutively active AKT2 into MCF-10A cells.  Even though hTERT 
contains three Akt phosphorylation consensus sequences, hTERT was not phosphorylated 
by constitutively active AKT2 as demonstrated by in vivo [32P]-orthophosphate labeling.  
Moreover, hTERT-3A, by converting 3 potential Akt phosphorylation sites to alanine, had 
the same level of the activity as that of wild type hTERT.  In addition, hTERT promoter 
activity was significantly induced by ectopic expression of Her2, p110*, and constitutively 
active AKT2.  We have also demonstrated overexpression of AKT2 protein in 38 of 69 
primary breast carcinomas.  The majority of the cases with elevated levels of AKT2 are 
Her2/neu and hTERT positive.  These findings suggest that regulation of telomerase by 
Her2-PI3K-AKT2 at transcriptional level could play a pivotal role in breast cancer 
development. 
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Comparative genomic hybridization (CGH) of breast tumors and cancer cell lines has 
identified several amplicons in breast tumors including the 17q22-23 region.  Amplification 
of the 17q22-23 region has been detected in 18% to 31% of primary breast tumors, 41% of 
breast tumor metastases, 50% of tumors containing BRCA1 mutations, 87% of breast 
tumors containing BRCA2 mutations, and in aneuploid tumors.  To characterize the 
structure of the amplicon we initially generated a complete physical map of the 4 Mb region 
using 33 overlapping BAC clones.  Detailed copy number analysis of 85 EST and STS 
probes from the region in breast cancer cell lines and tumors was carried out by Southern 
blotting.  In addition the 33 BAC clones from the physical map were used for FISH analysis 
of the same cell lines and tumors.  Seven specific and independent amplification maxima 
were identified.  A transcription map was generated using known genes, ESTs, and 
predicted genes from the region.  A total of 42 genes were mapped to the 4 Mb amplicon 
including 10 genes that map at the amplification peaks.  Expression analysis has confirmed 
that the 10 amplified genes are also overexpressed in breast tumors and cell lines.  Several 
of these genes have been evaluated as candidate oncogenes and two appear to contribute to 
breast cancer.  TBX2 is a transcription factor that enhances cell proliferation by inhibiting 
senescence, while RPSK6B1 (p70-S6-kinase) regulates early response gene translation and 
the G1/S cell cycle checkpoint, and also correlates with poor breast cancer patient survival.  
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Egr-1 is an immediate early gene transcription factor, responding to diverse stimuli and 
affecting downstream target gene transcription to accomplish its biological effects.  One 
important effect of Egr-1 expression is to decrease the growth and tumorigenic potential of 
several tumor cell types.  The purpose of this study is to identify the Egr-1 target gene(s) 
important for its function.  In order to better understand the activity of a transcription factor 
it is desirable to identify the complement of true, in vivo targets for that factor in a given 
cell type under a defined experimental condition.  To address this issue we have elaborated 
a methodology involving formaldehyde-induced in vivo protein/DNA crosslinking, 
chromatin immunoprecipitation and multiplex PCR.  For the first time using this approach, 
we report the cloning of a new Egr-1 target gene which is able to account for, at least in 
part, the growth inhibitory activity of Egr-1.  We have named this new protein TOE1 for 
Target Of Egr-1.  Over-expression of intact but not mutant TOE1 produces high levels of 
the cell cycle inhibitor, p21WAF1, thus accounting for the suppressed growth of TOE1-
expressing cells.  TOE1 is similarly induced in breast cancer cells exposed to Egr-1 
stimulating factors such as TPA.  Another component in the mechanism of action of TOE is 
its ability to complex with p53 which further modulates p21 expression and represses 
growth.  Using this methodology, we have demonstrated that in vivo physiologically 
relevant gene targets can be identified, and, in so doing, provide a clearer picture of 
transcription factor activities that function differentially in normal and breast cancer cells.  
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ESX is a novel member of the proto-oncogenic Ets factor family, a diverse group of 
transcription factors involved in differentiation, cell cycle control, and development.  ESX 
expression is restricted to epithelial cells and has been implicated in human breast 
carcinogenesis.  ESX over-expression is detected in 40% of human breast ductal carcinomas 
in situ.  Further, we have shown that stable expression of recombinant ESX protein imparts 
a transformed phenotype to the normally nonmalignant, ESX-negative MCF12A human 
breast cell line.  Additionally, inhibition of endogenous ESX expression in the T47D human 
breast cancer cell line blocks the transformed phenotype in these cells.  Yet, while these 
observations strongly suggest a role for inappropriate ESX action in breast cancer, relatively 
little is known about the specific mechanism(s) whereby ESX brings about carcinogenesis.  
Using transient expression approaches, we have demonstrated that GFP-ESX fusion protein 
and HA-tagged ESX are localized to the nucleus of transfected MCF12A cells.  Further, we 
have used DNA micro-array analysis to identify putative ESX target genes and then used 
the Chromatin Immunoprecipitation (ChIP) assay to validate that such genes are indeed 
primary targets.  Having optimized the ChIP assay, we also show the in vivo interaction 
between ESX protein and the genomic HER-2 promoter in MCF12A cells.  Subsequently, 
we have shown up-regulation of HER-2 protein expression in ESX expressing MCF12A 
cells, demonstrating the functional significance of binding between ESX and the HER-2 
gene.  Taken together, these studies show that ESX is a regulator of the several target genes 
in vivo and suggest that pharmacological targeting of ESX may inhibit the particularly 
aggressive breast cancer phenotype associated with HER-2 gene expression. 
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The complex nature of the genetic events that trigger the development of breast cancer 
remain to be identified.  Our laboratory has used two approaches to define these events.  
First, we have developed and refined a retrovirus-based gene transfer assay to identify 
activated oncogenes in breast cancer.  This approach involves the use of a functional screen 
to identify genes expressed in breast cancer cells that exhibit the ability to promote the 
uncontrolled growth of normal cells.  We have generated several retrovirus-based cDNA 
expression libraries that represent genes expressed in noninvasive (MCF-7 and T47D) and 
invasive (MDA-MB4682 and BT549) human breast cancer cell lines.  These libraries have 
been introduced into Rat-1 rodent fibroblasts and RIE-1 rat intestinal epithelial cells and 
transforming activity was then assayed for.  Two isolates from our analyses encode the Raf-
1 serine/threonine kinase and the fibroblast growth factor receptor 2.  Second, we have 
evaluated the role of aberrant signal transduction in promoting the aberrant growth of breast 
cancer cells.  These studies are based on observations from model fibroblast cell systems, 
where it has been shown that the transforming activity of the HER2/ErbB2 receptor tyrosine 
kinase is dependent on the activation of the Ras oncoprotein.  Additionally, the 
transforming activity of Ras has been shown to be dependent on activation of the ERK 
mitogen-activated protein kinase cascade as well as the phosphatidyl inositol 3-kinase 
(PI3K)/Akt serine/threonine kinase cascade.  However, whether aberrant activation of 
HER2 in breast cancers actually leads to the activation of Ras and these two signaling 
pathways has not been determined.  Therefore, we evaluated the activation of HER family 
receptors (1-4), Ras, ERK, and Akt in a panel of human breast carcinoma cell lines.  We 
found that Ras activation strongly correlated with HER2 activation, but that ERK and Akt 
activation did not strongly correlate with Ras activation.  Finally, we determined that 
neither ERK or Akt activation alone was necessary for breast cancer cells to overcome 
matrix-deprivation induced apoptosis, or anoikis.  Taken together, our studies emphasize 
the complex and important role of aberrant signaling in breast cancer development. 
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The pathological activity of signal transduction pathways leading to activation of the serine-
threonine kinase AKT (also called protein kinase B=PKB) is associated with tumor cell 
resistance against clinical antitumor treatment such as chemotherapy and irradiation. 
 
To define the molecular targets downstream of AKT kinases that could lead to novel 
therapeutic strategies in mammary cancer disease, we have examined the regulation of 
various protein substrates of AKT including apoptosis signal regulating kinase (ASK1).  
During these studies, we found that intact ASK1 expression in cells was required for the 
efficient induction of cell death after exposure to chemotherapeutic drugs including taxanes.  
In addition, phosphorylation of ASK1 by AKT on serine residue-83 resulted in decreased 
ASK1 activation following various apoptotic insults such as oxidative stress and survival 
factor withdrawal, and decreased ASK1 activity was indicative of reduced apoptosis 
induction.  To study the regulation of ASK1 by AKT, we generated phosphorylation-
specific antibodies that only recognized ASK1 kinase phosphorylated in the AKT 
phosphorylation motif.  By testing established tumor cell lines and also by examining 
human tumor specimen from patients with advanced breast cancer disease, we have found 
that increased ASK1 phosphorylation by AKT correlated positively with increased 
apoptosis resistance.  The importance of ASK1 as a molecular target of AKT in 
pathological apoptosis regulation was further supported by experiments that have used 
mutant ASK1(S83A) to restore chemotherapeutic sensitivity in cancer cells overexpressing 
activated AKT.  Taken together, we concluded that ASK1 is an important downstream 
target of AKT in pathological apoptosis regulation where selective restauration of ASK1 
function could become an important aspect of tumor-specific therapeutic strategies.  
 
Our findings of molecular mechanisms of AKT-dependent apoptosis suppression are 
relevant to researchers and the general public. 
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A frequent consequence of pathological changes in signal transduction pathways leading to 
activation of the serine-threonine kinase AKT (also called protein kinase B=PKB) is the 
acquisition of apoptosis resistance against chemotherapeutic drugs including the 
topoisomerase II inhibitor etoposide (Songyang et al., PNAS 94:11345-11350). 
 
In our current study, we examined the molecular mechanisms underlying the 
chemoresistance of human cancer cells against etoposide and other anti-cancer drugs.  
Using pharmacological inhibitors and following adenoviral gene transfer of dominant-
negative and activated signaling mutants of AKT, we found that inhibition of AKT activity 
in cancer cells rapidly and efficiently sensitizes cancer cells to drug-induced apoptosis as 
measured by characteristic morphological changes, activation of caspases and DNA 
fragmentation.  To identify the molecular targets of AKT-dependent chemoresistance, we 
first examined the release of mitochondrial apoptotic complementation factors after 
etoposide treatment and following AKT inhibition.  By using cell fractionation techniques 
and immunofluorescence analysis, we observed that etoposide treatment alone induced 
mitochondrial damage independently of AKT inhibition as measured by the release of 
mitochondrial cytochrome c.  Depending on the cell type under investigation, however, 
subsequent activation of caspase-3/7 and apoptosis induction did not occur unless the AKT 
pathway was also inhibited.  Our data suggested that AKT inhibition was required to 
facilitate the subsequent activation of caspase-3-like activities in cell lysates by cytochrome 
c or other mitochondrial complementation factors.  Thus, we examined whether the 
caspase-9-dependent activation of caspase-3 downstream of mitochondrial damage was 
inhibited by pathologically increased AKT activity.  By using structure-function analysis 
and in vitro reconstitution experiments using mutant caspase-9, we determined that direct 
inhibition of caspase-9 by AKT played only a partial role in inhibiting downstream caspases 
and that additional factors requiring ongoing macromolecular synthesis were necessary for 
optimal caspase activation. 
 
Our findings of molecular mechanisms of AKT-dependent apoptosis suppression are 
relevant to researchers and the general public. 
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USF-2 is a bHLH/zip protein, which shares DNA-binding specificity and structural 
characteristics with c-myc.  Myc is known to stimulate the proliferation of mammary cells 
and is frequently amplified or overexpressed in breast cancer.  Overexpression of USF-2 
has been demonstrated to antagonize myc–dependent proliferation of transformed cells in 
culture.  In some cell culture models, however,  USF has been demonstrated to supplant 
myc in the regulation of specific genes  The hypothesis tested in these studies is that 
overexpression of USF in the mammary glands of transgenic mice will inhibit myc-
dependent tumorigenesis. 
 
Overexpression of USF-2 in the mammary glands of transgenic mice was accomplished by 
constructing a transgene which encoded for a FLAG-tagged form or USF-2 under the 
control of the mouse mammary tumor virus (mmtv) long terminal repeat.  Of eight lines of 
transgenic mice that were generated, one demonstrated expression of flag-tagged USF-2 in 
the lactating mammary gland at levels 12-fold over that of endogenous USF-2.  
Immunoflourescent staining of mammary tissue from lactating transgenic mice 
demonstrated intense nuclear localization for USF-2.  Analysis of mammary gland 
development and lactation in these mmtv-USF-2 transgenic mice demonstrated that 
overexpression of USF-2 had little impact on lactational capacity, mammary gland 
development or the abundance of milk proteins.  Evaluation of tumorigenesis in these mice 
(n=13) out to 316 days of age suggests that USF-2 when overexpressed by itself is not 
oncogenic.  In contrast, 78% of mmtv-myc mice (n=9) analyzed have developed mammary 
tumors with an average latency of 146±13 days.  Tumor frequency and latency in bigenic 
mmtv-USF-2/mmtv-C-myc mice out to 150 days of age was similar to that in mmtv-C-myc 
mice.  In contrast the growth of these myc-dependent tumors in bigenic mice was 
significantly lower (P<0.01) than that in mmtv-C-myc mice.  These data support the 
conclusion that while overexpression of  USF-2 has minimal impact on normal mammary 
gland development and the initiation of mammary tumors in response to C-myc 
overexpression, it can slow the growth of established C-myc-dependent mammary tumors. 
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The mammary gland undergoes a regulated cycle of proliferation, differentiation and 
apoptosis during its development and disruption of this cycle can lead to the occurrence of 
many abnormalities including tumorigenesis.  In conjunction with hormones and cell-
substratum interactions, the growth and differentiation of mammary epithelial cells is 
regulated by growth factors and their receptors.  Activation of these receptors leads to the 
recruitment of a number of cytoplasmic signaling molecules including the 
phosphatidylinositol 3’-OH kinase (PI3K) which plays an important role in coupling these 
receptors to cell survival pathways via the Akt/PKB (Protein Kinase B) serine/threonine 
kinase.  Evidence supporting the importance of the PI3K/Akt signaling pathway in 
mammary tumorigenesis stems from experiments with transgenic mice bearing either 
polyomavirus middle T antigen (PyV mT) or activated ErbB-2 under the control of the 
mouse mammary tumor virus-long terminal repeat promoter.  The mammary epithelial 
specific-expression of PyV mT results in the rapid development of multifocal metastatic 
mammary tumors whereas transgenic mice expressing a mutant mT de-coupled from PI3K 
(MTY315/322F) develop extensive mammary gland hyperplasias that are highly apoptotic 
which progress at long latency to become focal tumors without transgene reversion.  
Similarly, mice expressing activated ErbB-2 (NDL2-5) develop mammary gland 
hyperplasias which progress to tumors.  Significantly, tumors from both of these strains 
overexpress ErbB-3, which possesses 7 consensus binding sites for PI3K.  To directly 
assess the role of Akt in mammary development and tumorigenesis, we generated 
transgenic mice expressing constitutively active Akt (Akt-DD).  Although expression of 
Akt-DD interferes with normal mammary gland involution, tumors were not observed in 
these strains.  Co-expression of Akt-DD with MTY315/322F resulted in a dramatic 
acceleration of mammary tumorigenesis correlated with reduced apoptotic cell death.  
Furthermore, co-expression of Akt-DD with MTY315/322F resulted in phosphorylation of 
the FKHR forkhead transcription factor and translational upregulation of cyclin D1 levels.  
 
Preliminary results indicate that co-expression of activated Akt and an activated ErbB-2 in 
the mammary gland increases mammary tumor formation and is associated with increased 
mitogenesis and cyclin D1 levels.  Importantly, we did not observe wildtype metastasis 
levels in the bi-transgenic strains.  Taken together these observations indicate that activation 
of Akt can contribute to tumor progression by providing an important cell survival signal 
but does not promote metastatic progression. 
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Members of the human epidermal growth factor receptor (HER) family and c-Src, an 
intracellular tyrosine kinase protein have been found to be co-overexpressed in a large 
subset (60%) of human breast cancers.  This co-overexpression suggested that the two 
classes of tyrosine kinases may functionally interact.  Our laboratory previously 
demonstrated that c-Src transiently interacts with the epidermal growth factor receptor 
(EGFR), also known as HER1, and phosphorylates it at Tyr-845 to synergistically promote 
mitogenesis and tumorigenesis in response to EGF.  As HER2/neu has been shown to be 
present in up to 30% of human breast cancer cases and correlates with a poor disease 
prognosis, we examined whether c-Src may functionally interact with HER2/neu in a 
manner similar to EGFR/HER1 and if it may affect heregulin (HRG) signaling through 
HER3.  These studies were preformed in a C3H10T1/2 murine fibroblast model system in 
which HER2, HER3, and c-Src are overexpressed either alone or in various combination.  
As shown previously by others, we found that c-Src co-associated with HER2 and HER3 in 
our model system.  This association took place under basal conditions and was not 
increased by HRG stimulation, although HRG treatment did enhance association between 
HER2 and HER3 as described in the literature.  Furthermore, the kinase activity of c-Src 
was not necessary for the interaction of c-Src with HER2/HER3.  Results of time course 
and dose response studies with HRG suggested that overexpression of wild-type (wt) c-Src 
augments sensitivity of HER3 to respond to its activating ligand as measured by 
autophosphorylation.  In contrast to overexpression of the receptors alone or receptors plus 
kinase-inactive (K-) c-Src, co-overexpression of HER2, HER3, and wt c-Src together 
promoted enhanced basal tyrosine phosphorylation of multiple cellular proteins and HRG 
induced tyrosine phophorylation of an ~85 kDa protein, that was found in a multiprotein 
complex with HER2, HER3 and c-Src.  However, neither wt c-Src nor K- c-Src appeared to 
affect the ability of HER3 to promote AKT phosphorylation in response to HRG.  The 
significance of the catalytic activity of c-Src in promoting HER2 and HER3 signaling was 
most evident in biological studies, measuring anchorage-independent growth by soft agar 
colony formation.  In both the presence of serum or HRG, the expression of K- c-Src 
prevented HER3 from promoting colony formation.  As compared to HER2/HER3 double 
overexpressors, HER2/HER3/wt c-Src triple overexpressors demonstrated enhanced colony 
formation in reduced serum conditions, which could be further elevated by the presence of 
HRG.  Together, these data support the conclusions that c-Src physically interacts and 
functionally cooperates with the HER2/HER3 signaling complex to promote breast cancer 
cell growth.  Furthermore, our findings suggests that the interaction of c-Src with 
HER2/HER3 differs from its interaction with EGFR.  Such studies may direct future breast 
cancer therapy targeting.  
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Notch genes encode a family of transmembrane proteins that are involved in many cellular 
processes such as differentiation, proliferation and apoptosis.  It is well established that all 
four Notch genes can act as oncogenes, however, the mechanism by which Notch proteins 
transform cells remains unknown.  Previously, we reported that both nuclear localization 
and transcriptional activation are required for neoplastic transformation of RKE cells.  
Furthermore, we identified cyclin D1 as a direct transcriptional target of constitutively 
active Notch molecules.  In an effort to understand the mechanism by which Notch 
functions in the nucleus we sought to determine if Notch formed stable complexes using 
size exclusion chromatography.  Herein, we report that Nic forms distinct high-molecular 
weight complexes in the nuclei of transformed RKE cells.  The largest complex is 
approximately 1.5 Mda and contains both endogenous CSL and Mastermind (Maml).  Nic 
molecules that do not have the high-affinity binding site for CSL (RAM) retain the ability to 
associate with CSL in a stable complex through interactions involving Maml.  However 
Maml does not directly bind to CSL.  Furthermore, Maml can rescue ∆RAM transcriptional 
activity on a CSL-dependent promoter.  These results indicate that deletion of the RAM 
domain does not equate to CSL-independent signaling.  Moreover, in Sup-T1 cells Nic 
exists exclusively in the largest Nic-containing complex.  SUP-T1 cells are derived from a 
T-cell leukemia that harbors the t(7;9)(q34;q34.3) translocation and constitutively express 
Nic.  Taken together our data indicates that complex formation is likely required for 
neoplastic transformation by Notchic.   
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Tyrosine kinase receptor erbB2/HER2/neu oncogene, a key component in the epidermal 
growth factor (EGF) signaling pathway, is amplified and upregulated in 25-30% of human 
breast cancers and is associated with poor clinical prognoses.  Specific inhibition of the 
gene on the transcriptional level (antigene strategy) would have a high therapeutic potential.  
We suggest using a novel class of Pyrrole-Imidazole (Py-Im) containing polyamides to bind 
specific DNA sequences in the erbB2 promoter region to disrupt transcription.  
 
We have applied sequence analysis tools to identify the most promising short targets within 
erbB2 DNA promoter sequence and performed extensive molecular modeling to design 
optimal polyamide molecules that bind these dsDNA targets.  We found that the region 
around the TATAA box, previously used as an antigen target (Chiang, S.Y. et al. J Biol 
Chem 275, 24246-54. (2000)), has very poor specificity in the human genome.  On the other 
hand, we discovered sequences containing 13 bp fragments with almost unique whole-
genome specificity, also overlapping with one or more erbB2 activation sites.  As a result of 
our analysis, several short fragments erbB2 promoter sequences have been chosen as 
optimal targets for polyamide design, including GC and CCAAT boxes, c-Myb and AP2 
regulatory sites.  
 
A fast and reliable algorithm have been developed with ICM modeling software to build 3D 
models of polyamides-DNA interaction, based on the known modular structure of the 
complexes and all-atom conformational energy minimization with ICFF potential function 
(Katritch, V., Totrov, M. & Abagyan, R., J. Comp. Chem. (2002)).  The affinity of the DNA 
- polyamide binding can be predicted by this method with an accuracy of ~1.5 Kcal/mol, 
which significantly narrows the search for the best candidate polyamides for future in vitro 
and in vivo experiments, the accuracy of such modeling demonstrated in NMR experiments 
(Geierstanger, B., Katritch, V., et al. J. of Am. Chem. Soc Submitted(2002)).  Using 
polyamide virtual “residue” library we have generated more than a 100 different polyamide 
“sequences” for each of the  dsDNA binding sites, build 3D models of these molecules and 
selected a few best designs according to their predicted binding affinity.  
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Although many genetic lesions are implicated in breast cancer, very little is known 
regarding the molecular interactions that promote breast tumorigenesis.  Mouse models 
have helped to delineate the interactions of cancer genes in vivo, however, the progress in 
the use of transgenic and knockout mice to study in vivo genetic interactions has been slow.  
This is largely attributable to the long time and high cost associated with breeding mice 
with multiple genetic mutations.  I have utilized the TVA system which allows the 
examination of multiple genetic lesions without the need to create and breed individual 
transgenic lines.  The system is based on the use of the RCAS virus (an avian leukosis virus 
vector of subgroup A) to deliver genes to mammalian cells or tissues that have been 
engineered to produce the avian viral receptor TVA and has successfully been used to 
evaluate oncogenic lesions in brain and ovary tumorigenesis.   
 
I have generated transgenic mice expressing TVA in the mammary gland using the mouse 
mammary tumor virus (MMTV) promoter.  I have determined that the TVA receptor is 
produced in ductal epithelial cells of the transgenic mice and that epithelial cells from the 
transgenic mice are susceptible to infection with RCAS vectors.  I have found that 
mammary tumors can be rapidly induced by mammary gland transplantation of TVA+/p53-
/- primary mammary cells infected, in vitro, with RCAS vectors expressing oncogenes such 
as K-Ras or neu.  This somatic gene delivery system may be useful for dissecting genetic 
interactions that operate in breast cancer. 
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Our goal is to isolate and characterize oncogenes that are implicated in multistep mammary 
tumorigenesis.  Previously, we and others have established that activated Wnt and Fgf genes 
are strong collaborators in this process.  In order to identify additional oncogenic events 
involved in this process, we have used mouse mammary tumor virus (MMTV) insertional 
mutagenesis in two bitransgenic mouse models of breast cancer carrying the following 
transgenes: Wnt1 and a dominant-negative (DN) Fgfr2 (fibroblast growth factor receptor 2); 
and Wnt1 and Fgf3.  
 
In the Wnt1/Fgfr2(DN) model, a Wnt oncogenic signal is constitutively active in the 
mammary gland, while the activation of cooperative FGF signaling is blocked through the 
overexpression of a dominant-negative (tyrosine kinase-defective) FGF receptor.  In the 
Wnt1/Fgf3 model, both Wnt and Fgf oncogenic signals are activated in the mammary gland.  
Hence, in both models, since both the Wnt and FGF pathways are either already stimulated 
or are blocked, we hypothesize that insertional activation of genes other than those involved 
in these pathways will be selected for during MMTV-induced mammary tumorigenesis.  
That is, there would be no growth advantage for any insertional activations of a Wnt or an 
Fgf gene, for example, so only genes in other (cooperative) pathways are likely to be 
detected as events resulting in the clonal growth of a tumor.  
 
Infected bitransgenic females in both models develop mammary adenocarcinomas, and 
frequent lung metastases were also observed.  Southern blot analysis of mammary tumor 
DNAs confirmed the presence of newly integrated MMTV proviruses in several of these 
tumors.  We are currently using an inverse polymerase chain reaction approach to isolate 
viral-cellular junction fragments from these tumors.  In this way, we hope to clone common 
gene targets for MMTV insertional activation, and subsequently study their mammary 
oncogenic potential. 
 
In conclusion, two bitransgenic mouse models of breast cancer have been generated, and 
cohorts of females have been infected with MMTV with the goal of identifying common 
insertion loci that harbor activated oncogenes that cooperate with Wnt and/or Fgf genes.  
Newly integrated MMTV proviruses have been detected in some tumors and these are being 
analyzed for activated oncogenes.  The identification of oncogenes that participate in 
multistep mammary tumorigenesis is an important and necessary first step toward the 
development of rational therapies directed against the protein products of such genes. 
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Amplification of the proto-oncogene HER2/neu occurs in 20-30% of primary human breast 
cancers and is associated with aggressive tumor behavior and poor prognosis.  Consistent 
with this, transgenic mice constitutively overexpressing activated neu in the mammary 
epithelium under the control of the mouse mammary tumor virus (MMTV) long terminal 
repeat develop invasive mammary adenocarcinomas with short latency.  To determine 
whether mammary tumors initiated by neu remain dependent on neu overexpression for 
continued growth, we used the tetracycline regulatory system to inducibly express activated 
neu in the mammary epithelium of transgenic mice.  These mice rapidly develop multiple 
invasive mammary adenocarcinomas in all mammary glands in a doxycycline-dependent 
manner.  Furthermore, a large percentage of animals maintained on doxycycline after initial 
tumor detection eventually develop pulmonary metastases.  Notably, nearly all neu-induced 
primary tumors were found to regress to a clinically undetectable size following 
doxycycline withdrawal.  Moreover, despite the acquisition of genetic changes that render 
tumor cells able to metastasize, the majority of lung metastases arising from neu-induced 
mammary tumors were also found to regress fully following doxycycline withdrawal.  
These findings suggest that the vast majority of cells in neu-induced tumors and metastatic 
lesions remain dependent on the initiating oncogenic stimulus for maintenance of the 
transformed state.  Given that metastatic breast cancers are rarely cured, even with the use 
of combinatorial therapies, these findings appear to contradict clinical experience.  In fact, 
despite the dramatic clinical response that we have observed following abrogation of the 
initiating oncogenic stimulus, the majority of deinduced transgenic mice eventually develop 
tumor recurrences in the absence of doxycycline.  This observation parallels the natural 
history of human breast cancers treated by targeting a single specific oncogenic pathway.   
 
Our findings highlight two important features that warrant consideration in the development 
of new treatments for human cancers:  first, that the majority of tumor cells remain 
dependent upon a single oncogenic mutation even in advanced stages of disease, thereby 
rendering these cells susceptible to targeting of the oncogenic pathway altered by that 
mutation; and, second, that targeting a single pathway is unlikely to effect a cure.  Our 
model provides a system in which the secondary pathways that lead to tumor recurrences 
can be analyzed, as can the nature of residual disease harbored by animals in which tumors 
have fully regressed, with the ultimate goal of designing multi-target therapeutic strategies 
that achieve tumor cell eradication.  
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Over expression of the erbB-2 receptor occurs in up to 30% of cases of invasive breast 
carcinomas and correlates with aggressive diseases and poor prognosis for therapy and poor 
overall survival.  The growth factor heregulin (HRG) binds to erbB-3 or erbB-4 receptors, 
promoting heterodimerization with erbB-2, and induces autophosphorylation and activation 
of erbB-2 signaling.  It is generally accepted that heregulin and erbB-2 do not interact 
directly.  Depending on its concentration HRG can either inhibit or stimulate cell 
proliferation in cell lines that overexpress erbB-2.  These suggest a possible weak 
interaction between HRG and erbB-2.  Solution structure of HRG as well as other data 
supports the existence of a low-affinity binding site for erbB-2 within the EGF-like domain 
of HRG.  Moreover we have shown that a synthetic peptide, derived from sequence at the 
erbB-2 extracellular domain, was capable of specifically block HRG-induction of erbB-2 
tyrosine phosphorylation.  Therefore it is possible that this region constitutes a critical 
region of the erbB-2 receptor responsible for HRG induction of erbB-2 heterodimerization 
and activation.  To determine the putative sites involved in the interactions between HRG 
and the erbB-2 receptor, HRG and erbB-2 specific deletion mutants were generated.  Eight 
deletions were generated within the extracellular domain of erbB-2 and transduced into 
Ba/F3 cells to determine the mechanism of interaction between erbB-2 and heregulin.  To 
determine whether the deletions on erbB-2 contained a site controlling HRG induced 
heterodimerization and tyrosine phosphorylation, deletion of the erbB-2 receptor were 
introduced into BaF3 cells.  These cells were previously shown to express erbB-3 and when 
transfected with the erbB-2 were no longer dependent upon IL-3 and were dependent upon 
HRG.  Our preliminary data suggests that erbB-2 deletion proteins did not contain the 
functional sites for activation, and lose the ability of autophosphorylation.  To define the 
HRG site involved in any interactions with erbB-2, five different point mutations within the 
EGF-like domain of the HRG beta 2 gene were introduced.  Purified recombinant proteins 
containing introduced mutations are currently used in the experiments to determine the 
mechanism of interaction between erbB-2 or HRG.  Our studies will shed light into the 
specific erbB-2 functional site(s).  The information will provide evidence for the generation 
of specific chemotherapeutic drugs to target these proteins functional site(s).  
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Deregulation of c-myc oncogene contributes to a wide variety and large number of human 
malignancies, including breast carcinoma.  Myc is a nuclear phosphoprotein that functions 
as a regulator of gene transcription to drive numerous biological activities including 
transformation.  Experimental evidence strongly suggests that protein interactions occurring 
at the N-terminal domain (NTD) of Myc are key to the malignant potentiation of Myc 
protein function and isolation of these cellular partners will allow us to design inhibitors 
that would directly target Myc-mediated transformation. 
 
We have established a novel yeast two-hybrid screen, termed the Repressed Transactivator 
Assay (RTA), to identify and characterize Myc NTD protein interactions.  Myc binding 
studies have traditionally relied upon labour intensive biochemical techniques or yeast two-
hybrid screening with a severely truncated Myc bait.  These methods lack either the high 
throughput capacity of a functional screen or are deficient in preserving the native Myc 
NTD structure and activity, respectively.  As an in vivo high throughput functional screen, 
the RTA overcomes these limitations and extends the current technology.  Using a panel of 
control interactions we show that the RTA can distinguish between positive and negative 
Myc interactions in a sensitive and specific manner.  The development of the RTA is 
particularly exciting because it enables us, for the first time, to use the entire functional Myc 
NTD as bait in a two-hybrid system.  This assay has allowed us to map quickly the binding 
sites of known interactions and to efficiently screen cDNA libraries to identify novel Myc 
binding partners. 
 
To identify novel interactors, we have used the Myc NTD bait to screen a cDNA library 
derived from a human breast cancer cell line, MCF-7.  In healthy breast epithelium, Myc 
induction is associated with the proliferative phases of development where growth occurs in 
a tightly controlled manner.  By contrast, MCF-7 cells are transformed and contain an 
activated level of Myc expression.  Myc is important for the growth of this cell line as Myc 
levels become further induced in response to estrogen stimulation and introduction of anti-
sense Myc inhibits MCF-7 cell proliferation.  Thus, it is reasonable to propose that protein 
partners important for Myc’s potent ability to promote carcinogenesis may be found in this 
context.  To date, we have established the RTA system and successfully completed a library 
screen using Myc NTD as bait.  We are currently characterizing the candidate clones for 
their ability to interact with Myc in vitro and in vivo.  As well, studies are underway to 
determine the functional consequences of these interactions on Myc-induced transformation 
and apoptosis.  As the molecular interplay between Myc and its interacting proteins 
becomes better understood, the ability to develop cancer therapies that specifically target 
Myc function in transformation or that enhance Myc-induced cell death, will be possible. 
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Cooperative interactions between HER-2 (neu/erbB-2) and HER-3 (erbB-3) constitutively 
activate PI 3-kinase and MAP-kinase during the autonomous growth of breast cancer cells 
with HER-2 gene amplification.  Therefore, we constructed a bicistronic retroviral 
expression vector containing a dominant negative form of HER-3 (DN3) in order to block 
HER-2/HER-3 heterodimer function in breast cancer cells.  21MT-1 cells, which have 
HER-2 amplification and constitutive activation of HER-2/HER-3, express EGFR and are 
highly responsive to the mitogenic effects of EGF as well as heregulin (HRG), the ligand 
for HER-3, in serum-free culture.  The ectopic expression of DN3 in 21MT-1 cells was able 
to effectively block both the constitutive and HRG-stimulated activation of HER-2/HER-3 
in culture.  While EGFR activation and cell proliferation stimulated by EGF was not 
apparently affected by DN3, growth factor-independent (i.e. autonomous) proliferation, 
HRG-stimulated proliferation and anchorage-independent growth in agarose were potently 
inhibited by DN3.  However, 21MT-1 cells were not sufficiently tumorigenic in 
immunodeficient mice for in vivo analysis.  Therefore, we infected additional breast cancer 
cell lines containing HER-2 amplification with DN3, such as BT-474 cells, which were 
tumorigenic in scid mice and showed high-level constitutive activation of HER-2/HER-3.  
In contrast to cells infected with control vector, many BT-474, MDA-MB-453 or SK-BR-3 
cell colonies infected with DN3 grew very slowly or died shortly after selection on G418.  
Small slow growing and dying colonies expressed high levels of DN3, while larger fast 
growing colonies showed only lower levels of DN3, indicating that we were selecting for 
cells expressing only lower levels of DN3 and that constitutive HER-2/HER-3 activation 
was required for the continuous proliferation of these cell lines grown with 10% serum in 
culture.  Therefore, work is underway using a tetracycline-inducible DN3 expression vector 
for assessing the effectiveness and stoichiometry of DN3 inhibition of HER-2/HER-3 
function in various breast cancer cell lines with HER-2 amplification.  These studies 
suggest an important role for constitutive HER-2/HER-3 activation in breast cancer as well 
as a new strategy for intervention. 
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Nuclear Factor-kappaB (NF-κB) transcription factors regulate genes that control cell 
proliferation, survival, and transformation.  Breast cancers have been characterized by 
aberrant activation of c-Rel, p65/RelA, p50, and p52 NF-κB/Rel subunits.  Protein kinase 
CK2 is upregulated in many human breast cancer specimens and cell lines, including 
Hs578T human breast cancer cells, and NF639 mammary tumor cells derived from an 
MMTV-Her-2/neu transgenic mouse.  Previously, stability of IκB and transcriptional 
activity of NF-κB have been shown to be regulated by phosphorylation at CK2-specific 
sites.  Here, we have tested the hypothesis that CK2 can directly induce basal NF-κB 
activity.  Inhibition of CK2 activity was directed by stable expression of kinase-inactive 
forms of CK2 catalytic subunits in Hs578T and NF639 breast cancer cell lines 
downregulated the level of NF-κB, and strongly increased IκB-α half-life.  Importantly, 
cells expressing kinase-inactive CK2 displayed enhanced susceptibility to TNF-mediated 
cell death and reduced ability to grow in soft agar.  Overexpression of CK2 by retroviral 
gene delivery led to induction of classical NF-κB (p50/RelA), and increased IκB-α turnover 
in NIH 3T3 fibroblast cells.  These observations suggest that CK2 upregulation plays a 
direct role in an intracellular signaling pathway that leads to the elevated NF-κB levels seen 
in primary human mammary tumors, and therefore represents a potential therapeutic target 
in the treatment of patients with breast cancer.  

To directly evaluate the contribution of NF-κB overexpression to mammary tumorigenesis, 
we targeted c-Rel to the mammary gland, under control of the MMTV-LTR promoter.  Four 
transgenic mouse founder lines were isolated, which displayed c-Rel transgene expression 
in the mammary glands induced by pregnancy.  Thirty-five percent of the female MMTV-c-
Rel transgenic mice that lived to 2 years of age developed mammary tumors at a median 
age of 19.7 months.  Tumors were associated with NF-κB activation, and upregulation of 
NF-κB target genes, e.g., cyclin D1 and Bcl-xL.  Thus, c-Rel overexpression in mice is 
sufficient to induce or breast tumorigenesis.  This is the first report demonstrating the in 
vivo transforming ability of c-Rel, the cellular homologue of highly tumorigenic v-Rel 
oncogene.  Overall these studies indicate a critical role for NF-κB in breast tumorigenesis. 
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Normal cells become transformed into tumor cells via cooperating genetic and epigenetic 
events, which result in the activation of oncogenes and the inactivation of tumor 
suppressors.  In primary rodent fibroblasts, this process is well-defined and usually requires 
two genetic hits.  However, these rodent transformation models do not perfectly recapitulate 
the transformation process in humans as it is impossible to transform normal human cells 
into tumor cells using the same oncogene combinations that are effective in rodent cells.  
One obvious difference between the rodent and human models is the requirement for 
telomerase, the enzyme responsible for maintaining telomeres.  In rodent cells, 
transformation is independent of exogenous telomerase induction in part because of 
promiscuous telomerase expression and in part because of constitutively long telomeres.  
The potential importance of telomerase in human transformation processes has been 
supported by the fact that a majority of human tumors have an induction of telomerase 
expression.  In addition, previous reports have indicated that direct expression of the 
telomerase catalytic subunit hTERT is a vital component of the human cell transformation 
equation. 
 
We have transformed primary human foreskin fibroblasts (BJ) without direct introduction 
of hTERT or a gene previously shown to be capable of activating telomerase.  BJ cells 
expressing the gene combination of adenovirus E1A, MDM2, and Ha-RasV12 are capable 
of both soft agar colony formation and tumor formation in nude mice.  These cells are 
telomerase negative upon injection into nude mice, and the resultant tumors are also 
negative for telomerase activity.  As a result, we see continuous telomere shortening and 
chromosomal abnormalities similar as to what had been seen in telomerase-null mice. 
 
Substitution of wild-type E1A with deletion mutants has allowed us to further characterize 
the functional interactions that may be important for both transformation processes and the 
ability to evade normal mortality controls in human fibroblasts.  In addition, substitution of 
MDM2 with either Bcl-2 or a dominant-negative form of p53(175H) indicates that MDM2 
is functioning in this transformation equation through the p53 pathway.  In addition, several 
primary human fibroblast cell lines have now been transformed utilizing this oncogene 
combination. 
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Mammary oncogenes encode the proteins that are causally related to the genesis of breast 
cancer.  An important model for mammary oncogene discovery has been the “retroviral 
tagging” of such genes by mouse mammary tumor virus (MMTV), which occurs when 
MMTV integrates a DNA copy of its genome into a mouse mammary cell chromosome 
during infection.  Nearby genes are often upregulated or directly mutated by such 
integrations, which can result in tumor formation if the activated gene is involved in the 
regulation of cell growth.  Since the strain of mouse has been shown to be important in 
determining which genes are found using this strategy, we are using the rat as a new host 
for experimental infection with MMTV, so that a potentially new repertoire of mammary 
oncogenes may be detected.  
 
We used three strains of rats that are known to develop mammary tumors under appropriate 
conditions: Sprague Dawley, Fischer 344 and Wistar.  To determine if MMTV could infect 
rat tissues, we (i) injected MMTV subcutaneously in rats and examined the draining lymph 
nodes for enlargement (a sign of MMTV infection), (ii) examined the DNAs of these lymph 
nodes of evidence of MMTV proviral DNA by PCR, and (iii) introduced MMTV directly 
into rat mammary gland ducts and examined DNAs of these glands several days later for 
evidence of MMTV proviral DNA. 
 
We found that after subcutaneous injection of MMTV, the draining lymph nodes were 
dramatically enlarged six days after injection, suggesting that MMTV infected the lymphoid 
cells and that the MMTV-encoded superantigen functions in the rat.  Genomic DNA was 
isolated from these lymph nodes and found to be positive for MMTV by PCR analysis, thus 
confirming that MMTV could indeed infect lymphoid cells of the rat.  This was significant, 
since infection of lymphoid cells is a requisite step in the natural (i.e., milk route) infection 
process in mice.  Direct injection of MMTV into the mammary ductal system, together with 
hormone treatments to stimulate mammary cell proliferation, resulted in infection of 
mammary gland cells as shown by MMTV-positive PCR. 
 
We conclude that the lymphoid and mammary gland cells of rats are infectable by MMTV.  
We have infected all three strains of rats with MMTV and will examine the DNAs of any 
tumors that arise for the insertion of new MMTV DNAs and for activated oncogenes.  The 
identification of mammary oncogenes is necessary to identify targets for new therapeutics. 
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The HER-2/neu (erbB2) gene product is over-expressed in about 1/3 of breast cancers, and 
this correlates with poor prognosis.  The Herceptin monoclonal antibody, directed against 
this protein, is therapeutically useful, enhancing the efficacy of some chemotherapeutic 
agents.  Therefore, we are studying a new antisense approach to down-regulation expression 
of erbB2.  The 5’ untranslated region (UTR) of mRNA is often the most effective target for 
antisense DNA, which acts by sensitizing mRNA to digestion by RNase H.  High affinity 
specific binding to a target on mRNA requires an antisense DNA of at least 15 nucleotides.  
We have found that antisense DNA hexamers targeted to unpaired regions of the 5’ UTR of 
erbB2 mRNA are capable of stimulating RNase H cleavage at their sites of binding, 
although their efficiency is low and they lack specificity due to their small size.  By 
coupling a 2’-O-methyl RNA hexamer via linkers of various lengths, to a phosphorothioate 
DNA hexamer, both binding to such unpaired regions of the 5’ UTR, we have created 
dimeric antisense compounds that specifically sensitize the RNA at the DNA hexamer 
binding site, with specificity conferred both by the sequence and spatial arrangement of the 
2 hexamer molecules, as indicated by dependence of antisense activity on linker size.  
These dimeric constructs have increased affinity for their target relative to individual 
hexamers.  We have also tested the effect of these dimeric antisense compounds on 
translation of mRNA constructs with the 5’ UTR of erbB2 linked to the luciferase reporter 
gene.  We found that the dimeric antisense constructs that most sensitized the 5’ UTR to 
RNase H also most inhibited translation of this mRNA in wheat-germ and rabbit 
reticulocyte cell-free systems; these constructs were more potent that an 15-mer 
phosphorothioate targeting a site immediately 5’ to the initiating AUG.  However, we have 
not been successful in introducing the dimeric antisense constructs into cultured breast 
cancer cells to test their effect on erbB2 expression.  We are currently testing new methods 
of delivering these novel antisense agents into cells. 
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PTEN is mutated at high frequency in many primary human cancers and several familial 
cancer predisposition disorders.  Activation of AKT is a common event in tumors in which 
PTEN gene was deleted or mutated.  We showed previously that deletion of murine Pten 
gene in embryonic stem cells (ES) led to increased PIP3 accumulation, enhanced entry into 
S phase, and better cell survival.  Since PIP3 controls multiple signaling molecules, it was 
not clear to what degree that the observed phenotypes were due to deregulated AKT 
activity.  In this study, we mutated Akt-1 in Pten-/- ES cells to direct assess the role of 
AKT-1 in PTEN controlled cellular processes, such as cell proliferation, cell survival, and 
tumorigenesis in nude mice.  We demonstrated that AKT-1 is a major downstream effector 
of PTEN in ES cells and that activation of AKT-1 is responsible for both the cell survival 
and cell proliferation phenotypes observed in Pten-/- ES cells.  Deletion of Akt-1 also 
reverses the aggressive growth of Pten-/- ES cells in vivo, suggesting that AKT-1 plays an 
essential role in PTEN controlled tumorigenesis. 
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BAG-family proteins regulate diverse cellular functions, including cell survival, cell 
proliferation, and cell motility.  Over-expression of BAG1 has been demonstrated in breast 
cancer.   
 
BAG-family proteins contain a conserved domain that allows them to bind 70-kD heat 
shock (Hsp70) family molecular chaperones and regulate their activity (Takayama, et al 
EMBO J 16: 4887, 1997).  BAG-family proteins are evolutionaly conserved with six 
mammalian, one Drosophila, two C.elegans, two S.pombe, one S.cerevisiae and multiple 
Arabidopsis taliana homologues identified thus far (Takayama et al J Biol Chem 274: 781, 
1999).  Structural analysis of the Hsc70-binding BAG domain of BAG1 has revealed an 
anti-parallel two helix bundle, proceeded by an additional long alpha-helix.  Site-directed 
mutagenesis has confirmed that the polar surfaces of the alpha-helices in the BAG domain 
are directly involved in chaperone binding, which has been confirmed by NMR 
experiments.  Similarly, an 80 amino acid region (229-308) of Hsc70 has been determined 
to represent a minimal domain sufficient for binding the BAG domain.  The conserved 
BAG domains of BAG1 family protein from plant and yeast also bind the Hsc70 ATPase 
domain.  In addition to the Hsp70-binding domain, BAG-family proteins also contain a 
diversity of additional domains, which allow them to interact with specific target proteins or 
which target them to specific locations within cells.   
 
We generated polyclonal antisera against recombinant BAG2 and BAG3 protein.  Western 
blot analysis of the NIH panel of 60 cancer cell lines revealed overexpression of BAG3 in 
breast cancer cell lines, but not BAG2.  The BAG3 protein contains a WW domain and a 
proline-rich region with SH3-binding motifs, suggesting that it may interact with proteins 
relevant to submembranous signal transduction, recruiting Hsp70/Hsc70 to signaling 
complexes and altering cell responses.  Based on preliminary evidence that BAG3 may be 
over-expressed in cancers, we speculate that this protein represents a novel proto-oncogene 
that may affect cell transformation, anchorage-independent growth, or other processes 
relevant to the malignant phenotype.  Recently, we identified interacting proteins and their 
role in BAG3-dependent phenotypes is under investigation. 
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EGFRvIII is a tumor specific, ligand-independent, constitutively active variant of the 
epidermal growth factor receptor.  Its expression has been detected in many human 
malignancies including breast cancer.  In our previous study, we demonstrated that 
expression of EGFRvIII in MCF-7 cells produced a constitutively activated EGFRvIII 
receptor.  These MCF-7/EGFRvIII transfectants exhibited approximately a three-fold 
increase in proliferation and significantly enhanced tumorigenicity of MCF-7 cells in 
athymic nude mice.  More than 60% of invasive human breast carcinomas express 
EGFRvIII; no detectable level of EGFRvIII was observed in normal breast tissues.  These 
unique features of the EGFRvIII make it an excellent target for biologically based therapies. 
 
We have designed and generated a tumor specific ribozyme targeted to this novel EGFRvIII 
molecule.  This specific EGFRvIII ribozyme is able to effectively cleave EGFRvIII mRNA 
under physiological conditions in a cell-free system, but does not cleave wild-type EGFR 
and other EGF-family receptors.  While expressing this EGFRvIII-ribozyme in breast 
cancer cells, EGFRvIII-ribozyme is capable of down-regulating endogenous EGFRvIII 
expression at the mRNA and protein levels.  Inhibition of proliferation was observed in 
EGFRvIII-ribozyme transfectants.  In addition, down-regulation of EGFRvIII in breast 
cancer cells reduced tumoriginicity in athymic nude mice.  Furthermore, this ribozyme has 
no effects on EGF-family receptor expression and proliferation in breast cancer cells, which 
do not express EGFRvIII but express wild-type EGFR and other EGF-family receptors.  
These results suggest that we have generated a tumor-specific biologically functional 
ribozyme and further demonstrate that EGFRvIII play a significant role in breast cancer cell 
proliferation.  
 
The ultimate goal of this approach is to provide a potential treatment for breast cancer by 
specifically targeting this receptor. 

 



 

The U.S. Army Medical Research and Materiel Command under DAMD17-00-1-0637 supported this work. 
 

P1-28 

 
 THE RHOC TRANSGENIC MOUSE AS A 

REALISTIC MODEL OF INFLAMMATORY 
BREAST CANCER 

 

 

 Melinda M. DiVito, LiWei Bao, M.D., Min Lin, M.D., 
Sofia D. Merajver, M.D., Ph.D.,  

and Kenneth L. van Golen, Ph.D. 

 

 

 Department of Internal Medicine,  
Division of Hematology/Oncology,  

The University of Michigan Comprehensive Cancer Center 

 

    

 kgolen@umich.edu  
    

Inflammatory breast cancer (IBC) is a phenotypically distinct form of locally advanced 
breast cancer characterized by a rapid onset of disease and invasive properties.  Because of 
its aggressive phenotype, the average 5-year disease-free survival rate for IBC is less than 
45%, the worst of all breast cancers.  Clinically IBC is well-defined, however little was 
known about the genetic mechanisms underlying the disease.  Our laboratory identified two 
genes whose expression is significantly altered in IBC tumors.  One gene, RhoC GTPase, a 
putative oncogene responsible for cellular motility, is overexpressed and active in IBC 
tumors.  Subsequently, we demonstrated that RhoC is a transforming oncogene for human 
mammary epithelial (HME) cells.  Stable HME-RhoC transfectants have the ability to grow 
under anchorage independent conditions, are motile and invasive, produce angiogenic 
factors and form tumors in nude mice.  We therefore hypothesize that expression of active 
RhoC is key in the formation of aggressive IBC. 
 
To date only a few models exist to study IBC, including the MARY-X tumor xenograft and 
a few cell lines.  However, these models only examine late stage tumors and do not address 
IBC formation.  We therefore proposed to produce a RhoC transgenic mouse.  We 
constructed 2 different expression systems for producing RhoC transgenic mice.  The first 
system uses a tetracycline (tet)-inducible cytomegalovirus (CMV) promoter, resulting in 
controlled expression of wild-type RhoC.  This model is useful for studying the interaction 
of RhoC with other oncogenes such as Ras or Her2/neu.  The second system utilizes a 
mouse mammary tumor virus (MMTV) promoter driving expression of a constitutively 
active (G14V) RhoC.  This system drives RhoC expression specifically in the mammary 
tissue of the mice.  Transgenic animals have recently been produced and experiments are 
underway to determine the effect of inducible and constitutively active RhoC expression on 
mammary tumor development.  RhoC expressing mice appear healthy and normal.  The 
animals are currently being monitored for spontaneous tumor growth.  Information from 
these experiments will provide information on how IBC tumors develop.  The RhoC 
transgenic mouse will also provide a novel model to test new therapies.   
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A concerted effort of the cancer research community is well underway to identify key 
molecular events responsible for the initiation and progression of neoplastic cell 
transformation.  The efforts of hundreds of laboratories have identified a wide array of 
bonafide and candidate oncogenes and tumor suppressors.  In addition, many growth 
promoting genetic pathways and signal transduction cascades have been characterized and 
are found to be corrupted in tumor cells.  Many of the observations implicating specific 
proteins and pathways in the initiation and progression of cancer are based on correlative 
and/or circumstantial evidence.  Given the limited capacity of current experimental systems, 
only a small percentage of candidate oncogenes and tumor suppressors have been validated 
with genetic models.  Recently, high efficiency, high specificity, gene silencing has been 
demonstrated in human cell culture using short interfering RNA duplex (siRNA)-mediated 
RNA interference (RNAi).  This innovative technology facilitates the unprecedented 
opportunity for broad-spectrum analysis of protein function in human cancer in the context 
of functional knock-outs.  We have shown that RNAi is highly effective in human breast 
tumor cell lines and in primary human breast epithelial cells.  We have ‘knocked-down” the 
expression of receptors, scaffolds, small GTPases, kinases, and transcription factors.  We 
have found that these knock-downs behave as loss-of-function mutants and can be used to 
assess the explicit contribution of proteins to cell regulatory events.  Here we describe the 
application of RNAi technology to the identification and characterization of signal 
transduction cascades critical for maintenance and/or initiation of breast cancer. 
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The integrin-linked kinase (ILK) is a cytoplasmic effector of integrin receptors, involved in 
the regulation of integrin binding properties as well as the activation of cell survival and 
proliferation pathways, including those involving MAP kinase, PKB/Akt and GSK-3b.  
Overexpression of ILK in cultured intestinal and mammary epithelial cells has been 
previously shown to induce changes characteristic of oncogenic transformation, and ILK 
protein levels have been found to be elevated in various human cancers exhibiting invasive 
phenotypes.  In order to determine if ILK overexpression can directly contribute to 
mammary tumorigenesis in vivo, we generated transgenic mice overexpressing ILK in the 
mammary epithelium, under the transcriptional control of the mouse mammary tumor virus 
(MMTV) long terminal repeat (LTR).  By the age of 6 months, female MMTV/ILK mice 
developed a hyperplastic mammary phenotype, accompanied by the constitutive 
phosphorylation of PKB/Akt, GSK-3b and MAP kinase.  Focal mammary tumors, showing 
evidence of an epithelial-to-mesenchymal transition, subsequently appeared in 34% of the 
animals after 1 year, with an average age of onset at 18 months.  These results demonstrate 
that the overexpression of ILK can transform the mammary epithelium in vivo, and suggest 
that the elevated levels of ILK in human tumors is physiologically relevant to tumor 
formation and progression.  ILK may therefore provide a novel therapeutic target or 
prognostic indicator in the treatment of human breast cancer. 
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Studies aimed at identifying genes whose deregulated expression either contribute to, or 
accompany, the development of breast cancer have been relatively unsuccessful.  This can 
be largely attributed to the technical difficulties associated with the transfer of large 
libraries of cDNAs into human breast epithelial cells.  Thus, novel oncogenes are still 
identified using traditional, fibroblast-based transformation assays, even though most prove 
to be biologically inert when expressed in epithelial cells.  Since most human breast tumors 
are of epithelial origin, it is imperative that these technical limitations be addressed.  Here 
we describe the development of a novel, epithelial-based expression cloning system that can 
be used to identify genetic sequences whose deregulated expression contribute to breast 
tumor progression.  The general approach to cloning invasion-promoting cDNAs is to make 
expressible cDNA libraries from highly invasive human breast tumor cell lines, and to 
transfer these libraries to human tumor cells that normally do not exhibit invasive 
properties.  Cells that acquire an invasive phenotype as a result of the expression of a 
transferred cDNA are selected out of the population using a transwell-based selection 
protocol.  cDNAs are then recovered by PCR, and sequenced to determine their identity.  
cDNA library transfer is achieved through the use of retroviral vectors and transient 
packaging systems, which enables the transfer of complex cDNA libraries and their 
expression at consistently high levels.  Retroviral vectors also permit the use of human 
breast epithelial cells as recipients, which is critical for identifying proteins that participate 
in signal transduction pathways that are relevant to epithelial cells.  As a preliminary test of 
this system, we screened an expression library derived from the MBA-MB-231 cell line.  
MCF-7-EcoR cells were stably infected with retroviral particles derived from the library.  
Five cell populations (50,000 cells each) were screened for invasive clones.  Following 
three rounds of library enrichment, DNA was isolated and discrete proviral inserts were 
identified by PCR.  Sequence analysis and transforming properties of these inserts will be 
discussed.  
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Phosphorylation on serines or threonines preceding proline (Ser/Thr-Pro) is a key 
mechanism for the control of cell proliferation and transformation.  The phosphorylated 
Ser/Thr-Pro moiety exists in two distinct cis and trans conformations and their conversion is 
specifically catalyzed by the unique prolyl isomerase Pin1.  Pin1 binds and regulates the 
function of a defined subset of phosphoproteins and is critical for cell growth.  Inhibition of 
Pin1 induces cells to enter premature mitosis and apoptosis and also contributes to neuronal 
death in Alzheimer’s disease.  However, little is known about role of Pin1 in cancer or in 
modulating transcription factor activity.  Here we report that Pin1 is strikingly 
overexpressed in most human breast cancers, and that its levels correlate with cyclin D1 
levels in tumors.  In cell lines derived from breast cancer, overexpression of Pin1 increases 
levels of cellular cyclin D1 protein and mRNA, and activates its promoter through the AP-1 
site.  Furthermore, Pin1 binds c-Jun that is phosphorylated on Ser63/73-Pro motifs by 
activated JNK or oncogenic Ras.  Moreover, Pin1 cooperates with either activated Ras or 
JNK to increase transcriptional activity of c-Jun towards the cyclin D1 promoter; these 
effects depend on both the isomerase activity of Pin1 and phosphorylation of c-Jun on 
Ser63/73.  Thus, Pin1 is up-regulated in human tumors and cooperates with Ras signaling in 
increasing c-Jun transcriptional activity towards cyclin D1.  Given the crucial roles of Ras 
signaling and cyclin D1 overexpression in oncogenesis, our results suggest that 
overexpression of Pin1 may promote tumor growth. 

 
 


